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PREFACE

This document is an evaluation of the potential for glaciers and glacial flour to fertilize downstream
food webs on land and in the ocean. The aim is to consolidate knowledge on the ice to ocean contin-
uum within the ICEBIO consortium through inclusion of selected doctoral candidates’ specialties.
By doing so, we contribute to fulfill the goal of the ICEBIO consortium and improve the cross disci-
pline understanding of glaciers and glacial flour as fertilizing agents.



INTRODUCTION

The ongoing rise in global temperature poses a significant threat to glaciers and ice sheets
with deglaciation as a consequence (Kochtitzky and Copland, 2022). With an increase in mean global
temperature of 1.5°C, which is lower than the upper limit set by the Paris Agreement of 2°C, 49% of
the global glacial inventory is projected to disappear by 2100 (Rounce et al., 2023, UNFCCC, 2015).
The disappearance of the world’s glaciers will impact people and wildlife benefitting from the eco-
system services provided directly or indirectly by glaciers. For 1.9 billion people, glaciers constitute
a critical freshwater resource (Rounce et al., 2023). Indirectly, glaciers facilitate high productivity in
coastal zones with socio-economic impact (e.g. fishery) through local upwelling and nutrient supply
(e.g., nitrogen, phosphorus, carbon, silicon and trace metals) (Bhatia et al., 2013, Hawkings et al.,
2016, Wadham et al., 2016, Meire et al., 2017, Hendry et al., 2019). Moreover, glaciers have recently
been recognized as their own microbial biome supporting nutrient cycling, thereby adding further
ecological importance to this realm (Anesio and Laybourn-Parry, 2012). Hence, with the potential
disappearance of close to half of the global glaciers by the end of this century, the impact on socio-
economics as well as the environmental services related to glaciers, may be significant.

Tied strongly to the socio-economic importance of glaciers, the fertilizing capacity of glaciers
and the associated glacial flour has steadily gained focus. Glaciers facilitate inorganic nutrient re-
lease from the underlying bedrock via two main processes: 1) Through abiotic or biotic subglacial
chemical weathering nutrients and trace metals are released in a dissolved form and transported
with meltwater to downstream ecosystems, where they are readily incorporated into the food web by
primary producers and bacteria and, 2) via generation of rock particles through physical erosion of
the bedrock beneath the ice (Sharp et al., 1999, Wadham et al., 2010, Hendry et al., 2019). The highly
reactive, finely ground rock particles, also known as glacial flour, are transported as suspended ma-
terial within the meltwater runoff (Brown et al., 1996). Additionally, the surface of the glacial flour
particulates can be continuously exposed further to chemical weathering processes and thus further
the nutrient and trace metal release (Hawkings et al., 2017, Hawkings et al., 2020). The size of the
glacial flour, often being < 63um (silt and clay size fraction), makes the particles highly reactive due
to a high surface area to volume ratio, and can potentially lead to prolonged residence time in the
water column enabling long distance transport (Andrews, 2000, Wadham et al., 2010, Pryer et al.,
2020). The transport of nutrients and trace metal far from the source may enable the glacial pro-
cesses to support primary production in coastal areas and the ocean (Cape et al., 2019). Depending
on lithological composition of the bedrock the mechanochemical glacial processes can deliver es-
sential and often limiting nutrients such as the nitrogen species (ammonium, nitrate and nitrite),
phosphate, silicate and trace metals like iron to the recipient waterbodies (Bhatia et al., 2013,
Hawkings et al., 2015, Wadham et al., 2016, Hawkings et al., 2016, Hawkings et al., 2017, Cape et
al., 2019, Pryer et al., 2020, Hatton et al., 2021, Hatton et al., 2023). In addition to containing benefi-
cial nutrients and trace metals for primary production, glacial flour may also contain trace metals
associated with toxicity effects (e.g., Ar, Cd, Ni, Pb etc.) (Galan et al., 2008, Tingey et al., 2025). With
the growing interest in the combined usage of glacial flour for agricultural production and geoengi-



neering, increasing crop yield and carbon drawdown through the chemical weathering of the parti-
cles, understanding the geological diversity of glacial flour and the potential implications for societal
health is important (Gunnarsen et al., 2023, Dietzen and Rosing, 2023).

The potential release of nutrients and trace metals from glaciers and ice sheets are governed
by multiple variables such as bedrock composition beneath the ice, glacier size, subglacial hydrol-
ogy, proglacial landscape features like proglacial lakes, seasonality, among others (Wadham et al.,
2010, Bogen et al., 2015, Hawkings et al., 2016, Sharp and Tranter, 2017). Moreover, the type of glac-
iers —whether it being land-terminating or marine-terminating — can have a profound effects on the
physicochemical and biological regimes (Meire et al., 2023). These variables drive the diversity of
glacier-influenced environments and are examples of the complex challenges related to predicting
nutrient and trace metal cycles and impact on downstream ecosystems.

In this report we synthesize current knowledge on the fertilizing capacity of glaciers and as-
sociated glacial flour to downstream ecosystems like lakes, rivers and fjords. We follow the path of
nutrients and trace metals through the ice to ocean continuum, starting with subglacial weathering
processes. The roles of land-terminating glaciers and proglacial landscape impact on nutrient re-
lease and uptake are reviewed, followed by an examination of the effects of marine-terminating glac-
iers on fjord ecosystems. Throughout, the consequences of continuous deglaciation are considered
and potential knowledge gaps exposed to guide future research priorities.

SUBGLACIAL WEATHERING PROCESSES

In the subglacial environment, local physical, chemical and microbial processes govern the
nutrient content, as external input is limited, and the environment is characterized by harsh physico-
chemical conditions. The key source for the release of inorganic nutrients to the subglacial system is
the bedrock itself while its mineralogy determines the types and quantities of nutrients and trace
elements released during weathering processes (Tranter et al., 2002). Essential for the release of nu-
trients from the bedrock is the production of the glacial flour. Physical erosion and chemical weath-
ering are closely linked through coupled thermo-mechano-chemical processes, which promote fur-
ther dissolution of bedrock material (Hatton et al., 2021). The crushing of the bedrock generates fresh
amorphous, or poorly crystalline, silica (ASi) and the dissolution of e.g. quartz and aluminosilicates
releases Si in form of H,SiO, (Tranter, 2006; Hatton et al., 2019, 2021) and the abrasion of pyrite, the
most common sulphide mineral, is an iron source (Tranter, 2003). The weathering and comminution
of the bedrock also release nitrogen and phosphorus into the subglacial environment; between 1 and
23 pg P g’ of labile, readily extractable P can be derived from apatite-containing minerals and reac-
tive secondary minerals such as iron-hydroxides (Hodson et al., 2004). Inorganic nitrogen may derive
from bedrock containing feldspar or muscovite, releasing nitrogen in form of ammonium (Dixon et
al., 2012) . Next to the mineralogy, the residence time of subglacial water affects the extent of rock-
water interactions with an increase of dissolved solids with increased residence time (Graly et al.,
2014). The source of the meltwater and the flow path it follows also affect water chemistry and its
ability to dissolve and transport nutrients (Tranter et al., 1997).



Organic nutrients, such as dissolved organic nitrogen (DON) and phosphorus (DOP) might
reach the subglacial environment from surface snow and ice melt, which drain to the glacier bed via
moulins and crevasses (Holland et al., 2019). Additionally, microbial processes play a significant role
in cycling organic nutrients. Microbial mineralization of organic matter releases inorganic forms of
nutrients, which are bioavailable and essential for ecosystem function (Lalli and Parson, 1997). Inor-
ganic nitrogen itself can be recycled with different processes of the nitrogen-cycle like denitrification
and nitrification (Hodson et al., 2005; Boyd et al., 2011). Microbial activity can also further mediate
chemical weathering reactions; it catalyses sulphide oxidation (Tranter et al., 2002) and microorgan-
isms using DNRA (dissimilatory nitrate reduction to ammonium, a process whereby nitrate is re-
duced to NH,*; Kuypers et al., 2018) may use Fe* as an electron donor, linking DNRA to subglacial
pyrite oxidation (Robertson et al., 2016).

Associated with particles and bedrock, glaciers and glacial flour can release trace levels of
metals with both beneficial and harmful impact on organisms (Bhatia et al., 2013, Hawkings et al.,
2020, Tingey et al., 2025). One example being mercury where the magnitude of release from glaciated
environments are still being debated (Hawkings et al., 2021, Lindeman et al., 2024, Jgrgensen et al.,
2024). Mercury can be found naturally occurring in the bedrock, deposited atmospherically to the
supraglacial environment or bound in organic complexes of ancient organic material beneath the ice
(Wang et al., 2022, Kim et al., 2020, Rudnicka-Kepa et al., 2024). Upon release to downstream sys-
tems like fjords, mercury can undergo methylation, predominately microbially, thereby generating
the highly toxic and bioaccumulating methylmercury (St. Pierre et al., 2018). Previously, the ability to
methylate mercury was believed to be a trait reserved for a specific group of bacteria. However, our
knowledge on the microbes capable of performing mercury methylation is expanding and the ability
is even more widespread than previously thought (Peterson et al., 2023). Considering the highly var-
iable environment of glacier influenced fjords further research is needed to fully resolve the role of
glaciers and associated ecosystems in mitigating mercury methylation in order to understand the
resonating effects of export and transformation of mercury.

With continued glacial melting, the nutrient fluxes from the subglacial environment into the
fijords and oceans are expected to increase in a warming climate; increasing amounts of meltwater
may wash out previously sparsely drained subglacial areas and nutrient fluxes currently scale with
discharge (Aciego et al., 2015; Hawkings et al., 2015). The current research as part of this doctoral
network aims to better understand subglacial nutrient sources in order to make better prediction on
how they influence nutrient availability of the glacial runoff. In particular, the effects of comminution
on the release of nutrients and the reactivation of pre-weathered subglacial debris, as well as the
role of sediment-bound nutrients as a contributor to the pool of the potential bioavailable nutrients,
are the subject of current research projects.

LAND-TERMINATING GLACIERS AND GLACIAL FLOUR EXPORT

Land-terminating glaciers make up 60 % of Earth’s non-ice sheet glaciated area but account for
74 % of glacial mass loss per year (Hugonnet et al., 2021). Mass loss from land-terminating glaciers
is accelerated relative to marine-terminating glaciers (Hugonnet et al., 2021). Initially, these mass
decreases coincide with an increased export of freshwater during the melt season up to a peak melt
rate (Caretta et al., 2022). This peak is predicted to have been reached for many glaciers already and



is projected to be reached for all affected glaciers within the 21° century (Caretta et al., 2022). Fol-
lowing the peak, downstream ecosystems, agriculture, and other human establishments will receive
decreasing yearly freshwater inputs (Caretta et al., 2022). Since glacial flour is exported and carried
downstream with meltwater from land-terminating glaciers, it is plausible that glacial flour inputs
will also peak then fall with consequences for downstream nutrient contributions and temporal tur-
bidity patterns (Egholm et al., 2012).

Unique morphological features in the subglacial and proglacial area of land-terminating glaciers
can alter sediment export patterns. For example, proglacial lakes and stream organization can act as
filters to sediment transport, temporary decreased transfer capacity can lead to settlement events,
and subglacial sediment can build up then export in mass evacuation events (Hervé et al., 2022,
Mancini et al., 2023). However, early research indicates that there is decreased impact of morpho-
logical variables to fine suspended sediment, like glacial flour, compared to coarser sediment
(Mancini et al., 2023). Whereas marine-terminating glacial flour and associated nutrients deposit
into an aquatic ecosystem directly, the deposition fate of suspended glacial flour in melt-streams is
prone to greater spatial variability.

Glacial flour exported from land-terminating glaciers can elicit meaningful effects in downstream
aquatic ecosystems. For example, Peter and Sommaruga (2016) reported that proglacial lakes with
high turbidity due to suspended sediment housed unique microbial community members that were
not detected in the proglacial lakes that no longer received turbid meltwater inputs due to glacial
retreat (Peter and Sommaruga, 2016). It is possible that the glacial meltwater and suspended glacial
flour sediment provide a selective fertilization effect in addition to blocking light required by auto-
trophs (Peter and Sommaruga, 2016). Thus, loss of glacial flour inputs due to terminal glacial retreat
may have detrimental effects on uniquely adapted microbial biodiversity in glacial environments.
However, recent projections indicate that most glacial freshwater and forefield sites globally will ex-
perience an overall increase in species richness and diversity of microorganisms, animals, and
plants as glaciers retreat (Cauvy-Fraunié and Dangles, 2019). Communities of organisms expected
to “win” with glacial retreat consist of generalists who may colonize from downstream (Cauvy-
Fraunié and Dangles, 2019). Those that “lose” consist of specialist species that are adapted to the
conditions of a glacial ecosystem with high glacial flour input (Cauvy-Fraunié and Dangles, 2019).

In glacial forefields, sediments, including deposited glacial flour, provide a site for ecological
succession (Bradley et al., 2014, Bradley et al., 2016, Raffl et al., 2006, Woijcik et al., 2021, Bajerski
and Wagner, 2013). Abiotic weathering, resulting from physical and geochemical processes, and bi-
otic weathering, resulting from the biomechanical and biochemical activity of microorganisms,
plants, and other life, drive the formation of soil (Wild et al., 2022). The initial colonizers of glacial
sediments are microorganisms which are tolerant to the low initial organic matter content and con-
tribute to the gradual accumulation of organic carbon and nitrogen during soil formation (Guelland
et al., 2013, Bradley et al., 2014, Bradley et al., 2016). While incubating glacial forefield granite
crushed to a grain size of < 0.6 mm with microbial isolates from the same forefield, Frey et al. (2010)
observed weathering activity resulting from microbially produced oxalic acid which freed Fe, Ca, K,
Mg, and Mn (Frey et al., 2010). These elements may serve as essential cofactors in microbial enzy-
matic processes and are also considered essential nutrients for plant growth (Dai et al., 2023, Singh
etal., 2022). Thus, depending on its geochemical composition, glacial rock flour may provide a ferti-



lization input to both microorganisms and plants in the glacial forefield upon weathering. In an ex-
periment on the use of glacial rock flour from land-terminating glaciers in agriculture, soybean yield
from a nutrient-poor potting matrix was significantly increased compared to control application of N,
P, and K alone and in combination (Tingey et al., 2025). This indicates effective delivery of essential
plant nutrients from the basaltic and metamorphic/sedimentary glacial flours used (Tingey et al.,
2025). Similar nutrient delivery from glacial flour may be occurring for plants colonizing glacial fore-
fields. However, accounting for the bedrock composition is essential to understanding its potential
effects since for example arsenic derived from glacial flour has been seen to transfer to crops, po-
tentially posing a threat to consumers (Tingey et al., 2025).

Research on the effects of glacial flour derived from land-terminating glaciers would benefit from
capturing additional bedrock types and increased spatial and temporal variability in sampling.
Though several studies have assessed species succession in glacial forefields, analyses targeted to
glacialflour-sized fractions in the ecosystem would yield more specific knowledge on the fertilization
contributions of this sediment type. Integration of geochemical/geophysical and ecological research
methods is needed to assess the fertilization axis between glacial flour, microorganisms, and higher
order ecosystem members such as plants. Additionally, more observations on glacier-fed freshwater
systems will improve our understanding of biodiversity changes and food web shifts as land-termi-
nating glaciers retreat and waters gain and lose turbidity.

MARINE-TERMINATING GLACIERS AND GLACIAL FLOUR IMPACT IN FJORD-SYSTEMS

Ending in fjords or the ocean, marine-terminating glaciers, also known as tidewater glaciers,
have a unique impact on the associated ecosystems. Localized upwelling, due to buoyancy differ-
ences between fresh subglacial meltwater and marine water near the glacial front, drives high pro-
duction zones (Meire et al., 2017, Hawkings, 2021). When a mix of nutrient rich marine bottom water
and fresh glacial meltwater reaches the euphotic zone, it generates a “sweet spot” in nutrient com-
position for primary production (Meire et al., 2017). Cape et al. (2019) found elevated concentrations
of nitrate, phosphate and silicate near marine-terminating glacial fronts of the Greenland Ice Sheet
compared to continental shelf waters measured at same depths.

The impact of the presence of glaciers is especially evident for export of silicates. As de-
scribed above, mechanochemical processes related to glaciers can enable release of silicate to
downstream ecosystems (Hatton et al., 2021). Furthermore, the increase in salinity have been de-
scribed to increase the dissolution of amorphous Si from silica particles due to the increase in alkali
and alkaline earth metals (Dove et al., 2008, Hawkings et al., 2017). Silicate is paramount for the
growth of siliceous organisms in the oceans, such as diatoms (Tréguer et al., 1995). This phytoplank-
ton group, that constitutes upward of 40% of all phytoplankton in the oceans, links the silica, carbon
cycle and biological pump together through carbon sequestration performed by the diatoms and the
later sink out of dead individuals (Tréguer et al., 2018). Furthermore, the elevated nutrient levels that
leads to increased primary production, e.g., phytoplankton groups like diatoms, increases the abun-
dance of higher trophic levels such as zooplankton, which again impacts animals like crustaceans,
fish, birds, seals and whales (Meire et al., 2017). For example, an increase of halibut landings has
been observed in relation to marine-terminating glaciers of the Greenland Ice Sheet (Meire et al.,
2017). This increase was ascribed to the nutrient upwelling promoted by subglacial and supraglacial



discharge below sea-level. Halibut landings constituting 42% of the fisheries income in Greenland,
the economical contribution of the presence of marine-terminating glaciers are significant (Meire et
al., 2017). Concurrent with the upwelling of nutrient rich bottom water, currents may also transport
entrained organisms like zooplankton and fish to the surface (Hop et al., 2023). This transport of
smaller marine organisms generates a feeding spot for birds like black-legged kittiwakes (Bertrand et
al., 2021, Hop et al., 2023). Moreover, seals have been observed in the vicinity of upwelling zones,
where they prey on larger marine organisms entrained in the upwelling current (Lydersen et al., 2014,
Everett et al., 2018). Hence, the marine-terminating glaciers support the ecosystem from bottom to
top through the buoyancy driven upwelling.

Despite the fortunate conditions occurring near marine-terminating glacial fronts, the melt-
water driven sediment concentration in this area has the potential to disrupt any benefits for primary
production. High glacial flour concentrations will lower the light penetration depth and counteract
the benefits of increased nutrient concentrations (Halbach et al., 2019). However, as sediment con-
centration drops throughout the fjord, when the particles sink out, the light penetration increases,
allowing for primary production to happen further downstream (Zajgczkowski, 2008, Meire et al.,
2017). The sinking rate of particles are governed by the density of the particle itself, which for glacial
flour canvary greatly depending on lithology, with denser rock types like gneiss sinking out faster than
lighter ones like sandstone - staying afloat for longer distances (Zajgczkowski, 2008, Halbach et al.,
2019). Because of the high production of particles associated with glaciers, large amount of glacial
flour can be deposited in the vicinity of marine-terminating glaciers, which may impact the formation
of benthic communities negatively through the continuous physical disturbance (Wlodarska-
Kowalczuk et al., 2005). On the other hand, continuous dissolution and occasional resuspension of
deposited glacial flour, aided by the local upwelling current, could potentially supply additional nu-
trients to the euphotic zone. However, the importance of the benthic flux, transport and reminerali-
zation processes related to marine-terminating glacial front environments are still an understudied
area (Wehrmann et al., 2014, Hawkings et al., 2017). Further research into the extent to which glacial
flour, suspended or sedimented, support or hamper primary production through nutrient dissolution
and physical disruption would strengthen the knowledge on the implications of deglaciation on the
food web in coastal areas.

As a consequence of deglaciation, marine-terminating glaciers are retreating onto land. From
2000 to 2020 ~85% of all marine-terminating glaciers on the Northern Hemisphere have been retreat-
ing and 123 of the 1704 marine terminating glaciers transitioned to land-terminating in the same pe-
riod (Kochtitzky and Copland, 2022). With this shift follows an array of changes to the environment
(Meire et al., 2023). When marine-terminating glaciers disappearing so does the local upwelling and
the increased nutrient deliverance to the euphotic zone (Meire et al., 2023). Because of the lack of
mixing of water mases, the meltwater run off from the land-terminating glaciers will spread on top of
the denser marine waters, generating a freshwater lens with potential high sediment load blocking
out light (Meire et al., 2023). A comparison study from two Greenlandic fjords influenced either by
land- or marine-terminating glaciers, revealed distinct differences in phytoplankton community
composition and bacterial abundance (Meire et al., 2023). The fjord influenced mainly by marine-
terminating glaciers showed higher abundance of diatoms which supports the growth of larger zoo-
plankton species. Contrasting, the fjord influenced by land-terminating glaciers showed overall
lower productivity, was dominated by smaller phytoplankton species, e.g., picophytoplankton and



had anincreasein bacterialabundance (Meire et al., 2023). A shiftin phytoplankton community com-
position from larger to smaller species, may impact carbon sequestration and nutritional benefits for
dependent animals (Meire et al., 2023).

CONCLUDING REMARKS

Two thousand and twenty four was the year that the average global temperature exceeded 1.6°C as
reported by the Brekley Erath Group, which is 0.1°C higher than the threshold set by the Paris Agree-
ments to reduce the impact of climate change (UNFCCC, 2015). Year by year environmental records
are broken and the world is changing at an unprecedented pace. The effect of the rise in global tem-
perature is already evident with the disappearance of 124 out of 1704 marine-terminating glaciers on
the Northern Hemisphere over a time span of 20 years (Kochtitzky and Copland, 2022). The highly
specific local upwelling driven by marine-terminating glaciers is crucial to the high production seen
in these areas and have a direct impact on the food web, from the tinniest to the largest members —
from bacteria to whales (Lydersen et al., 2014, Meire et al., 2017, Bertrand et al., 2021, Sejr et al.,
2022, Hop et al., 2023, Meire et al., 2023) Moreover, the shrinking of land-terminating glaciers, which
constitutes a critical freshwater source, may have direct societal impact (Rounce et al., 2023). The
appearance of proglacial landscape, including proglacial lakes, as glaciers retreat may lead to loss
of glacier associated microbial communities (Peter and Sommaruga, 2016). However, it is expected
that the increased formation of proglacial landscape overall will increase the biodiversity (Cauvy-
Fraunié and Dangles, 2019).

On the backdrop this report, the importance of continuous protection and research of glacial envi-
ronments in order to maintain the ecological services provided through these ecosystems is evident.
Increasing our knowledge on glacier influenced environments is detrimental to generate robust pre-
dictions of potential changes to come.



REFERENCES

ANDRESEN, C. S., KARLSSON, N. B., STRANEO, F., SCHMIDT, S., ANDERSEN, T. J., EIDAM, E. F,
BJJRK, A. A., DARTIGUEMALLE, N., DYKE, L. M., VERMASSEN, F. & GUNDEL, I. E. 2024.
Sediment discharge from Greenland’s marine-terminating glaciers is linked with surface
melt. Nature Communications, 15.

ANDREWS, J. T. 2000. Icebergs and iceberg rafted detritus (IRD) in the North Atlantic: facts and
assumptions. Oceanography, 13, 100-108.

ANESIO, A. M. & LAYBOURN-PARRY, J. 2012. Glaciers and ice sheets as a biome. Trends in Ecology
& Evolution, 27, 219-225.

BAJERSKI, F. & WAGNER, D. 2013. Bacterial succession in Antarctic soils of two glacier forefields on
Larsemann Hills, East Antarctica. FEMS Microbiology Ecology, 85, 128-142.

BERTRAND, P., STR@M, H., BETY, J., STEEN, H., KOHLER, J., VIHTAKARI, M., VAN PELT, W., YOCCOZ,
N. G., HOP, H., HARRIS, S. M., PATRICK, S. C., ASSMY, P., WOLD, A., DUARTE, P.,, MOHOLDT,
G. & DESCAMPS, S. 2021. Feeding at the front line: interannual variation in the use of glacier
fronts by foraging black-legged kittiwakes. Marine Ecology Progress Series, 677, 197-208.

BHATIA, M. P., KUJAWINSKI, E. B., DAS, S. B., BREIER, C. F., HENDERSON, P. B. & CHARETTE, M. A.
2013. Greenland meltwater as a significant and potentially bioavailable source of iron to the
ocean. Nature Geoscience, 6,274-278.

BOGEN, J., XU, M. & KENNIE, P. 2015. The impact of pro-glacial lakes on downstream sediment
delivery in Norway. Earth Surface Processes and Landforms, 40, 942-952.,

BRADLEY, J. A., ARNDT, S., SABACKA, M., BENNING, L. G., BARKER, G. L., BLACKER, J. J., YALLOP, M.
L., WRIGHT, K. E., BELLAS, C. M., TELLING, J., TRANTER, M. & ANESIO, A. M. 2016. Microbial
dynamics in a High Arctic glacier forefield: a combined field, laboratory, and modelling
approach. Biogeosciences, 13, 5677-5696.

BRADLEY, J. A., SINGARAYER, J. S. & ANESIO, A. M. 2014. Microbial community dynamics in the
forefield of glaciers. Proceedings of the Royal Society B: Biological Sciences, 281,
20140882.

BROWN, G. H., TRANTER, M. & SHARP, M. J. 1996. EXPERIMENTAL INVESTIGATIONS OF THE
WEATHERING OF SUSPENDED SEDIMENT BY ALPINE GLACIAL MELTWATER. Hydrological
Processes, 10, 579-597.

CAPE, M. R., STRANEO, F., BEAIRD, N., BUNDY, R. M. & CHARETTE, M. A. 2019. Nutrient release to
oceans from buoyancy-driven upwelling at Greenland tidewater glaciers. Nature
Geoscience, 12, 34-39.

CARETTA, A. M. M. A., ARFANUZZAMAN, R. A. B. M., MORGAN, S. M. R. & KUMAR, M. 2022. Water.
In: Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working
Group Il to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.

CAUVY-FRAUNIE, S. & DANGLES, O. 2019. A global synthesis of biodiversity responses to glacier
retreat. Nature Ecology & Evolution, 3, 1675-1685.

DAl Z., GUO, X., LIN, J., WANG, X., HE, D., ZENG, R., MENG, J., LUO, J., DELGADO-BAQUERIZO, M.,
MORENO-JIMENEZ, E., BROOKES, P. C. & XU, J. 2023. Metallic micronutrients are
associated with the structure and function of the soil microbiome. Nature
Communications, 14, 8456.

DIETZEN, C. & ROSING, M. T. 2023. Quantification of CO2 uptake by enhanced weathering of
silicate minerals applied to acidic soils. International Journal of Greenhouse Gas Control,
125, 103872.



DOVE, P. M., HAN, N., WALLACE, A. F. & DE YOREQO, J. J. 2008. Kinetics of amorphous silica
dissolution and the paradox of the silica polymorphs. Proceedings of the National Academy
of Sciences, 105, 9903-9908.

EGHOLM, D. L., PEDERSEN, V. K., KNUDSEN, M. F. & LARSEN, N. K. 2012. Coupling the flow of ice,
water, and sediment in a glacial landscape evolution model. Geomorphology, 141, 47-66.

EVERETT, A., KOHLER, J., SUNDFJORD, A., KOVACS, K. M., TORSVIK, T., PRAMANIK, A., BOEHME, L.
& LYDERSEN, C. 2018. Subglacial discharge plume behaviour revealed by CTD-
instrumented ringed seals. Scientific Reports, 8, 13467.

FREY, B., RIEDER, S. R., BRUNNER, I., PLOTZE, M., KOETZSCH, S., LAPANJE, A., BRANDL, H. &
FURRER, G. 2010. Weathering-associated bacteria from the Damma glacier forefield:
physiological capabilities and impact on granite dissolution. Appl Environ Microbiol, 76,
4788-96.

GUELLAND, K., HAGEDORN, F., SMITTENBERG, R. H., GORANSSON, H., BERNASCONI, S. M.,
HAIDAS, I. & KRETZSCHMAR, R. 2013. Evolution of carbon fluxes during initial soil formation
along the forefield of Damma glacier, Switzerland. Biogeochemistry, 113, 545-561.

GUNNARSEN, K. C., JENSEN, L. S., ROSING, M. T. & DIETZEN, C. 2023. Greenlandic glacial rock
flour improves crop yield in organic agricultural production. Nutrient Cycling in
Agroecosystems, 126, 51-66.

HALBACH, L., VIHTAKARI, M., DUARTE, P., EVERETT, A., GRANSKOG, M. A., HOP, H., KAUKO, H. M.,
KRISTIANSEN, S., MYHRE, P. 1., PAVLOV, A. K., PRAMANIK, A., TATAREK, A., TORSVIK, T.,
WIKTOR, J. M., WOLD, A., WULFF, A., STEEN, H. & ASSMY, P. 2019. Tidewater Glaciers and
Bedrock Characteristics Control the Phytoplankton Growth Environment in a Fjord in the
Arctic. Frontiers in Marine Science, 6.

HATTON, J. E., HENDRY, K. R., HAWKINGS, J. R., WADHAM, J. L., BENNING, L. G., BLUKIS, R.,
RODDATIS, V., NG, H. C. & WANG, T. 2021. Physical weathering by glaciers enhances silicon
mobilisation and isotopic fractionation. Geochemical Perspectives Letters, 19, 7-12.

HATTON, J. E., NG, H. C., MEIRE, L., WOODWARD, E. M. S., LENG, M. J., COATH, C. D., STUART-LEE,
A., WANG, T., ANNETT, A. L. & HENDRY, K. R. 2023. Silicon Isotopes Highlight the Role of
Glaciated Fjords in Modifying Coastal Waters. Journal of Geophysical Research:
Biogeosciences, 128, €2022)G007242.

HAWKINGS, J., WADHAM, J., TRANTER, M., LAWSON, E., SOLE, A., COWTON, T., TEDSTONE, A.,
BARTHOLOMEW, I., NIEWNOW, P. & CHANDLER, D. 2015. The effect of warming climate on
nutrient and solute export from the Greenland Ice Sheet. Geochemical Perspectives
Letters.

HAWKINGS, J., WADHAM, J., TRANTER, M., TELLING, J., BAGSHAW, E., BEATON, A., SIMMONS, S.-
L., CHANDLER, D., TEDSTONE, A. & NIENOW, P. 2016. The Greenland Ice Sheet as a hot
spot of phosphorus weathering and export in the Arctic. Global Biogeochemical Cycles, 30,
191-210.

HAWKINGS, J. R. 2021. Trickle and Treat? The Critical Role of Marine-Terminating Glaciers as Icy
Macronutrient Pumps in Polar Regions. Journal of Geophysical Research: Biogeosciences,
126, €2021JG006598.

HAWKINGS, J. R., LINHOFF, B. S., WADHAM, J. L., STIBAL, M., LAMBORG, C. H., CARLING, G.T.,
LAMARCHE-GAGNON, G., KOHLER, T. J., WARD, R., HENDRY, K. R., FALTEISEK, L.,
KELLERMAN, A. M., CAMERON, K. A., HATTON, J. E., TINGEY, S., HOLT, A. D., VINSOVA, P.,
HOFER, S., BULINOVA, M., VETROVSKY, T., MEIRE, L. & SPENCER, R. G. M. 2021. Large
subglacial source of mercury from the southwestern margin of the Greenland Ice Sheet.
Nature Geoscience, 14, 496-502.



HAWKINGS, J. R., SKIDMORE, M. L., WADHAM, J. L., PRISCU, J. C., MORTON, P. L., HATTON, J. E.,
GARDNER, C. B., KOHLER, T. J., STIBAL, M., BAGSHAW, E. A., STEIGMEYER, A., BARKER, J.,
DORE, J. E., LYONS, W. B., TRANTER, M., SPENCER, R. G. M. & TEAM, S. S. 2020. Enhanced
trace element mobilization by Earth's ice sheets. Proc Natl Acad Sci US A, 117, 31648-
31659.

HAWKINGS, J. R., WADHAM, J. L., BENNING, L. G., HENDRY, K. R., TRANTER, M., TEDSTONE, A.,
NIENOW, P. & RAISWELL, R. 2017. Ice sheets as a missing source of silica to the polar
oceans. Nature Communications, 8, 14198.

HENDRY, K. R., HUVENNE, V. A. I, ROBINSON, L. F.,, ANNETT, A., BADGER, M., JACOBEL, A. W., NG,
H. C., OPHER, J., PICKERING, R. A., TAYLOR, M. L., BATES, S. L., COOPER, A., CUSHMAN, G.
G., GOODWIN, C., HOY, S., ROWLAND, G., SAMPERIZ, A., WILLIAMS, J. A., ACHTERBERG, E.
P., ARROWSMITH, C., ALEXANDER BREARLEY, J., HENLEY, S. F., KRAUSE, J. W., LENG, M. J.,
LI, T., MCMANUS, J. F.,, MEREDITH, M. P., PERKINS, R. & WOODWARD, E. M. S. 2019. The
biogeochemical impact of glacial meltwater from Southwest Greenland. Progress in
Oceanography, 176, 102126.

HERVE, G., JEAN-LOUIS, M., ARTHUR, S. & JEAN-FRANCOIS, B. 2022. Glacial drainage development
controls temporal and spatial fluctuations of sediment flux in Mont Blanc’s North face.
Comptes Rendus. Géoscience, 354, 281-301.

HOP, H., WOLD, A., VIHTAKARI, M., ASSMY, P., KUKLINSKI, P., KWASNIEWSKI, S., GRIFFITH, G. P,,
PAVLOVA, O., DUARTE, P. & STEEN, H. 2023. Tidewater glaciers as “climate refugia” for
zooplankton-dependent food web in Kongsfjorden, Svalbard. Frontiers in Marine Science,
10.

HUGONNET, R., MCNABB, R., BERTHIER, E., MENOUNOS, B., NUTH, C., GIROD, L., FARINOTTI, D.,
HUSS, M., DUSSAILLANT, I., BRUN, F. & KAAB, A. 2021. Accelerated global glacier mass loss
in the early twenty-first century. Nature, 592, 726-731.

JORGENSEN, C. J., SONDERGAARD, J., LARSEN, M. M., KJELDSEN, K. K., ROSA, D., SAPPER, S. E.,
HEIMBURGER-BOAVIDA, L.-E., KOHLER, S. G., WANG, F., GAO, Z., ARMSTRONG, D. &
ALBERS, C. N. 2024. Large mercury release from the Greenland Ice Sheet invalidated.
Science Advances, 10, eadi7760.

KIM, H., KWON, S. Y., LEE, K., LIM, D., HAN, S., KIM, T.-W., JOO, Y. J., LIM, J., KANG, M.-H. & NAM, S.-
I. 2020. Input of terrestrial organic matter linked to deglaciation increased mercury
transport to the Svalbard fjords. Scientific reports, 10, 3446.

KOCHTITZKY, W. & COPLAND, L. 2022. Retreat of Northern Hemisphere Marine-Terminating
Glaciers, 2000-2020. Geophysical Research Letters, 49, e2021GL096501.

LINDEMAN, M. R., STRANEO, F., ADAMS, H. M., NELSON, M. J. S. & SCHARTUP, A. T. 2024. Low
mercury concentrations in a Greenland glacial fjord attributed to oceanic sources.
Communications Earth & Environment, 5, 320.

LYDERSEN, C., ASSMY, P., FALK-PETERSEN, S., KOHLER, J., KOVACS, K. M., REIGSTAD, M., STEEN,
H., STR@M, H., SUNDFJORD, A., VARPE, @., WALCZOWSKI, W., WESLAWSKI, J. M. &
ZAJACZKOWSKI, M. 2014. The importance of tidewater glaciers for marine mammals and
seabirds in Svalbard, Norway. Journal of Marine Systems, 129, 452-471.

MANCINI, D., DIETZE, M., MULLER, T., JENKIN, M., MIESEN, F., RONCORONI, M., NICHOLAS, A. P. &
LANE, S. N. 2023. Filtering of the Signal of Sediment Export From a Glacier by Its Proglacial
Forefield. Geophysical Research Letters, 50, 2023GL106082.

MEIRE, L., MORTENSEN, J., MEIRE, P., JUUL-PEDERSEN, T., SEJR, M. K., RYSGAARD, S., NYGAARD,
R., HUYBRECHTS, P. & MEYSMAN, F. J. R. 2017. Marine-terminating glaciers sustain high
productivity in Greenland fjords. Global Change Biology, 23, 5344-5357.



MEIRE, L., PAULSEN, M. L., MEIRE, P., RYSGAARD, S., HOPWOOD, M. J., SEJR, M. K., STUART-LEE,
A., SABBE, K., STOCK, W. & MORTENSEN, J. 2023. Glacier retreat alters downstream fjord
ecosystem structure and function in Greenland. Nature Geoscience, 16, 671-674.

PETER, H. & SOMMARUGA, R. 2016. Shifts in diversity and function of lake bacterial communities
upon glacier retreat. The ISME Journal, 10, 1545-1554.

PETERSON, B. D., POULIN, B. A., KRABBENHOFT, D. P., TATE, M. T., BALDWIN, A. K., NAYMIK, J.,
GASTELECUTTO, N. & MCMAHON, K. D. 2023. Metabolically diverse microorganisms
mediate methylmercury formation under nitrate-reducing conditions in a dynamic
hydroelectric reservoir. Isme j, 17,1705-1718.

PRYER, H. V., HAWKINGS, J. R., WADHAM, J. L., ROBINSON, L. F., HENDRY, K. R., HATTON, J. E.,
KELLERMAN, A. M., BERTRAND, S., GILL-OLIVAS, B., MARSHALL, M. G., BROOKER, R. A.,
DANERI, G. & HAUSSERMANN, V. 2020. The Influence of Glacial Cover on Riverine Silicon
and Iron Exports in Chilean Patagonia. Global Biogeochemical Cycles, 34, e2020GB006611.

RAFFL, C., MALLAUN, M., MAYER, R. & ERSCHBAMER, B. 2006. Vegetation Succession Pattern and
Diversity Changes in a Glacier Valley, Central Alps, Austria. Arctic, Antarctic, and Alpine
Research, 38, 421-428.

ROUNCE, D. R., HOCK, R., MAUSSION, F., HUGONNET, R., KOCHTITZKY, W., HUSS, M., BERTHIER,
E., BRINKERHOFF, D., COMPAGNO, L., COPLAND, L., FARINOTTI, D., MENOUNOS, B. &
MCNABB, R. W. 2023. Global glacier change in the 21st century: Every increase in
temperature matters. Science, 379, 78-83.

RUDNICKA-KEPA, P., BELDOWSKA, M. & ZABORSKA, A. 2024. Enhanced heavy metal discharges to
marine deposits in glacial bays of two Arctic fjords (Hornsund and Kongsfjorden). Journal of
Marine Systems, 241, 103915.

SEJR, M. K., BRUHN, A., DALSGAARD, T., JUUL-PEDERSEN, T., STEDMON, C. A., BLICHER, M.,
MEIRE, L., MANKOFF, K. D. & THYRRING, J. 2022. Glacial meltwater determines the balance
between autotrophic and heterotrophic processes in a Greenland fjord. Proceedings of the
National Academy of Sciences, 119, e2207024119.

SHARP, M., PARKES, J., CRAGG, B., FAIRCHILD, I. J., LAMB, H. & TRANTER, M. 1999. Widespread
bacterial populations at glacier beds and their relationship to rock weathering and carbon
cycling. Geology, 27, 107-110.

SHARP, M. & TRANTER, M. 2017. Glacier biogeochemistry. Geochemical Perspectives, 6, 173-339.

SINGH, S. K., WU, X., SHAO, C. & ZHANG, H. 2022. Microbial enhancement of plant nutrient
acquisition. Stress Biology, 2.

ST. PIERRE, K., ST. LOUIS, V., LEHNHERR, I., GARDNER, A., SERBU, J., MORTIMER, C., MUIR, D.,
WIKLUND, J., LEMIRE, D. & SZOSTEK, L. 2018. Drivers of mercury cycling in the rapidly
changing glacierized watershed of the high Arctic’s largest lake by volume (Lake Hazen,
Nunavut, Canada). Environmental science & technology, 53, 1175-1185.

TINGEY, S., WADHAM, J. L., TELLING, J., FLYNN, S., HAWKINGS, J. R., PALINKAS, S. S., MUN, Y.,
YATES, C. A., LAMARCHE-GAGNON, G., BURFORD, R., RAMANATHAN, A. L.,
HETHERINGTON, A., DODD, A. N., LIU, X. & SGOURIDIS, F. 2025. The potential for glacial
flour to impact soil fertility, crop yield and nutrition in mountain regions. iScience, 28,
111476.

TREGUER, P., BOWLER, C., MORICEAU, B., DUTKIEWICZ, S., GEHLEN, M., AUMONT, O., BITTNER,
L., DUGDALE, R., FINKEL, Z., IUDICONE, D., JAHN, O., GUIDI, L., LASBLEIZ, M., LEBLANC,
K., LEVY, M. & PONDAVEN, P. 2018. Influence of diatom diversity on the ocean biological
carbon pump. Nature Geoscience, 11, 27-37.



TREGUER, P., NELSON, D. M., VAN BENNEKOM, A. J., DEMASTER, D. J., LEYNAERT, A. &
QUEGUINER, B. 1995. The Silica Balance in the World Ocean: A Reestimate. Science, 268,
375-379.

UNFCCC 2015. The Paris Agreement. COPZ21. Paris.

WADHAM, J. L., HAWKINGS, J., TELLING, J., CHANDLER, D., ALCOCK, J., O'DONNELL, E., KAUR, P,
BAGSHAW, E., TRANTER, M., TEDSTONE, A. & NIENOW, P. 2016. Sources, cycling and export
of nitrogen on the Greenland Ice Sheet. Biogeosciences, 13, 6339-6352.

WADHAM, J. L., TRANTER, M., SKIDMORE, M., HODSON, A. J., PRISCU, J., LYONS, W. B., SHARP, M.,
WYNN, P. & JACKSON, M. 2010. Biogeochemical weathering under ice: Size matters. Global
Biogeochemical Cycles, 24.

WANG, W., JI, X., ABAKUMOQV, E., POLYAKOV, V., LI, G. & WANG, D. 2022. Assessing Sources and
Distribution of Heavy Metals in Environmental Media of the Tibetan Plateau: A Critical
Review. Frontiers in Environmental Science, 10.

WEHRMANN, L. M., FORMOLO, M. J.,, OWENS, J. D., RAISWELL, R., FERDELMAN, T. G., RIEDINGER,
N. & LYONS, T. W. 2014. Iron and manganese speciation and cycling in glacially influenced
high-latitude fjord sediments (West Spitsbergen, Svalbard): Evidence for a benthic
recycling-transport mechanism. Geochimica et Cosmochimica Acta, 141, 628-655.

WILD, B., GERRITS, R. & BONNEVILLE, S. 2022. The contribution of living organisms to rock
weathering in the critical zone. npj Materials Degradation, 6, 98.

WLODARSKA-KOWALCZUK, M., PEARSON, T. H. & KENDALL, M. A. 2005. Benthic response to
chronic natural physical disturbance by glacial sedimentation in an Arctic fjord. Marine
Ecology Progress Series, 303, 31-41.

WOICIK, R., EICHEL, J., BRADLEY, J. A. & BENNING, L. G. 2021. How allogenic factors affect
succession in glacier forefields. Earth-Science Reviews, 218, 103642.

ZAJACZKOWSKI, M. 2008. Sediment supply and fluxes in glacial and outwash fjords, Kongsfjorden
and Adventfjorden, Svalbard. Polish Polar Research, 59-72-59-72.



